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Abstract
The geochemical reactivity of shale caprock during post-injection CO2 diffusive transfer should be 
included in the reservoir characterization of CO2 sequestration sites as slow reactive transport processes
can either improve or degrade seal integrity over the long term. Simulation results reported by various
researchers suggested that influx-induced mineral dissolution/precipitation reactions within shale
caprocks can continuously close micro-fracture networks, while pressure and effective-stress
transformation first rapidly expand then progressively constrict them. This experimental work applied 
specific analytical techniques in investigating changes in mineralogical and microstructural properties of 
crushed shale rocks after exposure (by flooding) to CO2-brine for a time frame ranging between 30 days
to 92 days at elevated pressure and fractional flow rate. The initial mineralogical composition in the 
samples showed bulk clay, quartz and feldspar as the major components of the formation. Initial capillary 
entry parameters for the shale were estimated from digitally acquired injection pressure profile. Flooding
of the shale samples with CO2-brine was followed by geochemical characterization of the effluent fluid
and bulk shale rock through pH and XRD measurements. Nano-scale measurement of changes in internal
specific surface area and cumulative pore size distribution (using the BET Technique) revealed that 
changes in the shale caprock due to geochemical interaction with aqueous CO2 can affect petrophysical 
properties. The naturally low permeability in shale may be altered by changes in specific surface area as
the effective permeability of any porous medium is largely a function of its total pore geometry/volume,
and particularly the pore throat-diameter. The geochemical reactivity of shale caprocks through acidic
fluid transport in interconnected pore networks gave insight into the impact of diffusion and reaction rate
on shale caprock integrity in CO2 sequestration.
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1. Introduction 
Volumetric capacity and seal integrity are the most important factors in geologic repositories selection 
that are critical for the long-term success of CO2 sequestration technology. It has been identified that post-
injected CO2 leakage from the subsurface can occur through wellbore systems, capillary breakthrough or 
diffusive loss which usually occur at low diffusivity values. Most effective caprock lithologies are fine-
grained siliciclastics (clay-based rocks), evaporites (anhydrites, gypsum, halites) and organic-rich rocks 
[1, 2].   
An effective caprock usually has capillary entry pressure that exceeds the upward buoyancy pressure 
exerted by an underlying hydrocarbon or CO2 column [3, 4]. The capillary pressure of the caprock is 
largely a function of its pore throat size and this may be laterally variable. Buoyancy pressure is 
determined by the density of the reservoir fluid and its column height. A caprock of extremely small pore 
size, in the order of nanometers, is required to prevent the buoyant rise of an underlying gas column. As 
more than 60% of depleted petroleum reservoirs (potential CO2 repositories) are capped by shale caprock 
[5], it is essential that prolonged, dynamic contact in rock-fluid interaction be experimentally investigated 
and acquired data used to validate long-term predictions obtained through simulations. Rock properties 
such as porosity and permeability of tight porous media can significantly alter due to short term alterations 
caused by rock-fluid interaction [6, 7]. Previous experimental work on shale interaction with aqueous CO2 
made use of crushed or fragmented samples in batch reactors with results suggesting that bulk rock 
minerals can be dissolved at low kinetic rate [8-10]. Due to low permeability of shale, fragmented rock 
particles provide macroporosity needed to provide large reactive surface area that enhances rock-fluid 
interaction. Typical hydraulic conductivity in shale is 10-12 m/s yielding very low CO2 diffusivity constant 
[11]. Most experimental and simulation studies suggest that in addition to geomechanical and 
hydrological effects of CO2 plume movement in the subsurface due to engineered injection, the 
geochemical reactivity of shale caprock needs to be included in reservoir characterization of potential CO2 
sequestration sites, as slow reactive transport processes can impact their integrity over the long term [10, 
12, 13]. 
In this experimental study, crushed shale samples of known mineralogy were used to investigate the 
potential impact of geochemical changes in shale caprocks under carbon sequestration conditions. 
 
2. Methodology 
   
 The procedure used in characterization of the crushed shale rocks prior/post exposure to reactive fluid 
is described and it is followed by mineralogical analysis of the rock and geochemical analysis of the 
effluent fluid collected during the experiment. Specific surface area measurements of the nano-scale pores 
present in the shale were also conducted on the CO2-brine flooded samples as well as the control samples. 
 
2.1. Confined CO2-Brine Injection and Capillary Entry Pressure 
 
Crushed samples of shale (Pottsville Formation, Alabama, USA) cores flooded with CO2-brine at 
progressively increased pressure yielded information about the capillary entry pressure of the fragmented 
rock. Three samples are tightly packed into flow cells A, B and C respectively. The mineralogical 
composition of the samples as well as the ratio of clay to quartz and percent feldspar (C:Q;%F) are shown 
in table 1. The crushed samples are 3mm to 5mm in diameter. Each cell holds an average of 265g of shale 
samples, subjected to a flow rate of 0.3cm3/min/cell at a back pressure of 6.69MPa and 25°C temperature.  
Figure 1 shows the experimental setup and the auxiliary instruments. The analysis of pressure evolution 
peaks and troughs during the first 10 hours of the flooding experiment resulted in an approximate 
capillary entry pressure of 6.10MPa for the shale caprock as shown in table 2. All the six pressure data 
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Table 1. Experimental shale caprock mineralogy in weight percents of its major components 
 
 Weight %  
Samples Bulk Clay Quartz Feldspar Ratio (C:Q;%F) 
A 75.12 23.19 1.69 3:1 
B 65.02 33.14 1.85 2:1 
C 47.45 47.51 5.04 1:1 
 
 
devices (transducers) showed similar profile in the evolution of the injection pressure over the first 24hrs 
of CO2-brine flooding. 
 
Estimates of the connected pore volume per gram of rock are tabulated alongside the entry pressures 
(table 2) and were computed from the expression below: 
 
Pore volume per gram = (Injection rate x Capillary filling time)/(Average sample weight) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Schematics of experimental setup in shale-CO2 brine flooding 
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2.2. Estimation of Pore Diameter 
Direct experimental estimation of the capillary entry pressure (Pc) for the shale samples allowed for 
mathematical approximation of the controlling pore throat size. The Washburn expression, equation (1), 
was used as the correlation expression for the wettability parameters: 
 
PcDA  
 
where Pc = capillary entry pressure, DA  
 
 
Table 2. Estimated nano-porous shale capillary data using values of IFT and contact angle for shale/CO2-
brine interaction reported by Daniel and Kaldi, 2009 
 
Samples Capillary 
entry 
pressure 
(MPa) 
Capillary 
fillage time 
(mins) 
Pore 
volume/gram 
(cm3/g) 
Pore 
Diameter 
(nm) 
Interfacial 
Tension 
(mN/m) 
Contact 
Angle 
° 
A 6.67 4.50 0.0051 16.1 24.80 9.0 
B 6.21 4.60 0.0052 13.5 21.10 5.0 
C 6.03 4.50 0.0051 16.6 25.20 7.0 
Average 6.10 4.53 0.0051 15.4 23.7 7.0 
 
 
Therefore, assuming temperature, salinity, density and  constant, the calculated 
pore diameter values for this particular shale appear to be in the range of 13.5  16.6nm as presented in 
table 2, suggesting relatively uniform values despite variation in composition. 
 
3. Measurements of Geochemical Indices 
 
The mineralogical composition of shale caprock plays a significant role in its ability to perform 
effectively as a regional seal. The geochemical reactivity of shale has been shown by several researchers 
to affect its petrophysical characteristics though the multiple reaction mechanisms and kinetic rates are 
not clearly defined and still need to be investigated. Different mineral compositions ranging from quartz, 
calcite, anorthites, feldspar to muscovite, chlorite, illite, kaolinite and smectite have been reported for 
shale. Mineral dissolution, re-precipitation and redistribution may affect transport properties in shale and 
consequently their sealing capacity. 
 
3.1. pH Profile 
Geochemical activity of the shale caprock was reflected in the pH evolution chart as shown in figure 2. 
The pH measurements of the effluent during the first 20days of the experiment suggest alkaline buffering 
capability of the shale rock. 
The pH climbed to a maximum of 8.6 within the first 3 days of the experiment before gradually 
decreasing at a negative slope of 1.29. The next 50 days of the experiment resulted in a nearly flat pH 
value (approximate slope of zero) with a sustained ability for keeping the pH to between 6 and 6.5 for 
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Fig. 2. pH evolution chart for shale/CO2-brine flooding effluents over the 3 months experimental period. Three 
distinct regions of pH change indicate the geochemical buffer strength of the shale caprock under continuous contact 
mode, although the change from initial low pH appears to be cyclic in nature 
 
a larger part of the experiment. This indicates some resilience in the geochemical pH alteration of the 
connate water that may be present in the rock. The final 20 days saw a less steep decrease (a negative 
slope of 0.89) in the pH of the effluent with a tendency towards equilibrating with the influent pH. This 
suggests a waning buffering strength of the shale rock as it continued to be flooded with fresh CO2-brine 
solution for 92days. 
 
3.2 X-ray Diffraction (XRD) Analysis 
X-ray diffraction (XRD) analysis was used to analyze the mineralogical changes ofshale samples over 
92days, prior to flow-through and once each month during the experiment. The results as presented in 
figures 3, 4 and 5 showed that mineralogical alterations within the shale caprock are very subtle, 
primarily due to the limitations of XRD sensitivity since it detects only changes larger than 2% by weight 
of the powdered specimen. This is in agreement with the effluent analysis which reavealed part per 
million concentration levels of critical elements present in the reacted fluid. This suggests that the 
changes are occuring at the micropore to nanopore levels and would require surface chemistry techniques 
with very sensitive detection limits, such as X-ray Photoelectron Spectroscopy. 
and alkaline earth metal compounds that are relatively reactive under mildly acidic conditions such as in 
CO2-brine mixture. 
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Fig. 3. X-ray diffractogram for bulk mineralogical analysis of CO2-brine contacted shale (sample A) before and after 
the three months experiment. It showed less noise in the CO2-brine contacted sample indicating reduced amorphous 
content. The most significant changes in the ratio of Feldspar to Muscovite and Chlorite with an increased presence 
of thelater minerals as experiment progressed 
 
 
Fig. 4. X-ray diffractogram of bulk mineralogical analysis of CO2-brine reacted shale (sample B) before and after the 
three months experiment. The peaks are better resolved in post-reacted samples suggesting better crystalinity. In 
addition, Muscovite decrease is observed and an increase in Chlorite although Feldspar seems to be unchanged 
----- Control 
1st month 
2nd month ----- 3rdmonth 
----- Control 
1st month 
2nd month ----- 3rdmonth 
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Fig. 5. X-ray diffractogram for bulk mineralogical analysis of CO2-brine contacted shale (sample C) before and after 
the three months experiment. Albite and Kaolinite ratio to Feldspar changed over the course of 92 days, while 
Muscovite/Chlorite to Feldspar ratio is not significantly changed differing from samples A and B 
 
4. Pore Space Geometrical Properties 
 
The Brunauer-Emmett-Teller (BET) Technique was used to obtain pore geometrical properties [14] 
that can be affected by mineral dissolution/precipitation as a result of rock-fluid interaction. These 
geometrical properties include specific surface area, modal pore sizes and the corresponding cumulative 
surface area.  The specific surface area is estimated per gram of the three samples. Data points were based 
on measurements carried out on brine re-saturated unreacted shale samples and the three CO2-brine 
reacted samples, giving four data points each per specimen with distinct mineralogy, see table 1. 
 
4.1 Bulk Specific Surface Area 
 
The bulk specific surface areas (m2/g) for the three shale caprock samples are shown in figure 6 and it 
shows the tendency for surface area to increase as CO2-brine flooding continues over the 3-month 
experimental period. There appears to be a slowdown in the increases particularly between the 2nd and 
the 3rd months. However Sample C showed a distinctly different feature as there was an initial decrease 
in the bulk surface area in 1st month of the experiment which may reflect some form of mineral 
precipitation reducing the available surfaces for adsorption, although removal/deposition of fine clay 
particles by the flowing fluid could also have caused such change. Overall mineral dissolution and 
secondary precipitation of very fine crystals seem to be the cause of surface area increases that dominated 
over the three month period. This can also be observed in the XRD. 
Also the starting point of each sample (obtained from unreacted shale) showed that rocks with the 
highest percentage of clay had the lowest specific surface area initially. 
----- Control 
1st month 
2nd month ----- 3rdmonth 
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Fig. 6. Bulk specific surface area of the shale caprock samples over 3 months of CO2-brine flooding depicting an 
overall increase in measured surface area available for adsorption with the exception of sample C that initially 
decreased after the first month of flooding 
 
 
4.2 Bulk Modal Pore Size 
The bulk modal pore sizes (nm) refer to the highest occurring pore diameters in the shale rock samples 
Figure 7  shows that sample B has the lowest values of modal pore diameters followed by A and C. It 
showed a steady increase in bulk pore sizes over the 92 days of CO2-brine flooding. Sample B despite 
having the highest bulk specific surface area as shown in fig. 6 has the lowest modal pore size. This 
implies that there is a lose connection between the magnitude of the specific surface area available for 
adsorption and pore size. 
 
4.3 Cumulative Surface Area Distribution 
 
This represents the cumulative contribution of measured pore sizes to the bulk specific surface area of 
the shale rock over the 3-month experimental period particularly for pore diameters that are less than 
5.5nm. For sample A, the cumulative specific surface area as shown in fig. 8 reflects an elongated S-
shaped changes in the cumulative specific surface area for the shale rock. The changes are prominent at 
the lower pore diameters of between 1.5nm to 3.5nm which later thinned out to the original value 
measured at approximately 5.5nm pore size. These observations suggest a widening of available surface 
area for CO2-rock interaction and can also be construed as an increase in pore space that may be available 
for CO2 storage. The shape of the curve indicates a possibility of change prediction modeling for the 
cumulative specific surface area in CO2-brine/shale caprock interaction. The nano-scale level of the fine 
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Fig. 7. Bulk modal pore sizes for the shale caprock samples over the 3 months of CO2-brine flooding. It shows 
changes that indicated sample B has the lowest modal pore size magnitude in contrast to observed specific surface 
area and pore volume evolution trend 
 
 
 
 
Fig. 8. Cumulative specific surface area for sample A with less than 5.5nm pores over the 3 months of CO2-brine 
flooding. It shows that significant surface area changes occur in pore sizes that are less than 3.5nm with the surface 
area converging back to the control sample initial value 
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changes in cumulative specific surface area is an indication that pervasive aqueous CO2 ingress can 
actually impact the mineralogical composition of the immediate reservoir rock/caprock interface. 
Residence time and reaction kinetics will be the controlling parameters on the extent of geochemical 
reactivity at this scale. 
The cumulative specific surface area for sample B, shown in figure 9, followed the elongated S-shape 
of sample A albeit with an open end. The increases in this cumulative parameter were unchanged in the 
first two months but it finally increased almost by the proportion it increased, after the first month. The 
increases for the pore sizes between 1.5nm and 3.5nm were much larger than pores sizes between 4nm 
and 5.5nm. The plot showed a predicted path of surface area widening with respect to pore sizes in shale 
rocks when in contact with CO2-brine fluid. The flow of fluid through these nano-pores will be dependent 
on their interconnection and the impact of dissolutive flow through adjacent pores strongly aided by 
diffusive loss into the connate water of the caprock. The molecular diameter of gaseous CO2 is about 
0.387nm making their buoyant rise in the subsurface under the right conditions favorable to concentration 
gradient driven mass transfer. Figures 8 and 9 showed that the most impacted pore size, with respect to 
specific surface area alteration, are in the lower band of the curve. These are therefore pore sizes of 
interest in seal integrity evaluation at the sub-micron level. 
 
 
 
 
Fig. 9. Cumulative specific surface area for sample B with less than 5.5nm pores over the 3 months of CO2-brine 
flooding. It shows that significant surface area changes occur in pore sizes that are less than 3.5nm with net overall 
increase at the end of the third month  
 
     Fig. 10 showed the changes in cumulative specific surface area for the shale caprock over the 3 month 
experimental period. The elongated S-shape as in samples A and B are also noticed albeit thinner in size 
with the upper end closing at the control and 3-month samples. The changes in cumulative specific 
surface area are dominated by pore sizes ranging between 1.5nm and 3.5nm. The rock recovered much of  
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Fig. 10. Cumulative specific surface area for sample C with less than 5.5nm pores over the 3 months of CO2-brine 
flooding. It shows that significant surface area changes occur in pore sizes that are less than 3.5nm with net overall 
increase at the end of the third month 
 
the cumulative surface area lost between the 1st and 2nd month in the range 4nm to 5.5nm. This was the 
only sample where there is a noticeable initial reduction in cumulative surface area between 4nm and 
5.5nm pore sizes. 
 
5. Conclusion 
 
The geochemical interaction of shale caprock with aqueous CO2 and its impact on the petrophysical 
properties of clay-rich caprock have been investigated. The results presented showed that rock properties 
of shale can be significantly altered by minute geochemical changes that are hard to detect particularly at 
the submicron level. These geochemical changes affect the specific surface area and pore network 
(diameters/throats/volume) of shale caprock such that in all the samples examined their values tended to 
increase with time though at reduced rates in the later months of the experiment. These nano-scale 
changes varied significantly depending on the range of pore diameters considered. Caprock integrity with 
respect to permeability can be impacted by shale/CO2-brine interaction under dynamic conditions. The 
geochemical alterations within the matrix of clay-rich rock can be impacted by mineralogical impurities, 
as well as contact time with reactive fluids. Future experimental work is required to investigate 
temperature effect on such changes. Furthermore, the impact of geochemical reactivity on shale fractures 
needs to be investigated under reservoir pressure and temperature conditions for more conclusive data 
required for long term predictive behaviour of shale and their sealing capacity. 
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